The 93-residue transmembrane protein CrgA in Mycobacterium tuberculosis is a central component of the divisome, a large macromolecular machine responsible for cell division. Through interactions with multiple other components including FtsZ, FtsQ, FtsI (PBPB), PBPA, and CwsA, CrgA facilitates the recruitment of the proteins essential for peptidoglycan synthesis to the divisome and stabilizes the divisome. CrgA is predicted to have two transmembrane helices. Here, the structure of CrgA was determined in a liquid-crystalline lipid bilayer environment by solid-state NMR spectroscopy. Oriented-sample data yielded orientational restraints, whereas magic-angle spinning data yielded interhelical distance restraints. These data define a complete structure for the transmembrane domain and provide rich information on the conformational ensembles of the partially disordered N-terminal region and interhelical loop. The structure of the transmembrane domain was refined using restrained molecular dynamics simulations in an allatom representation of the same lipid bilayer environment as in the NMR samples. The two transmembrane helices form a lefthanded packing arrangement with a crossing angle of 24°at the conserved Gly39 residue. This helix pair exposes other conserved glycine and alanine residues to the fatty acyl environment, which are potential sites for binding CrgA's partners such as CwsA and FtsQ. This approach combining oriented-sample and magic-angle spinning NMR spectroscopy in native-like lipid bilayers with restrained molecular dynamics simulations represents a powerful tool for structural characterization of not only isolated membrane proteins, but their complexes, such as those that form macromolecular machines.
membrane protein structure | transmembrane helix binding motif | intrinsically disordered proteins | solid-state NMR | oriented samples B etter understanding of cell division in Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), will generate new opportunities for pharmaceutical development. CrgA, a transmembrane (TM) protein, is a central component of the Mtb divisome (1) . CrgA has homologs in other actinomycetes (2, 3) , but not in the two bacteria, Escherichia coli and Bacillus subtilis, with better characterized cell division mechanisms. Conversely, many cell division proteins in the latter organisms, such as FtsA, FtsN, FtsL, and ZipA, appear to have no homologs in Mtb. CrgA is localized at the poles and septum, and interacts with multiple cell division proteins, including FtsZ, FtsQ, FtsI (PBPB), PBPA, and CwsA. One function of these interactions is to stabilize the divisome (1, 4) . The interaction with CwsA, a protein that is unique to mycobacteria (5), might coordinate elongation at the poles and division at midcell (4) . Moreover, CrgA appears to have an important role in peptidoglycan (PG) formation during cell division, by recruiting PG synthases to the divisome (4) . Reduced production of CrgA results in elongated cells and reduced growth rate (1) , and loss of CrgA impairs PG synthesis (5) . In addition to CwsA, the Mtb divisome involves other atypical players such as FipA (FhaB), ChiZ, and MtrB (6-8), and thus there is much yet to be learned about the participants in mycobacterial cell division (9) . Here, we determined the structure of CrgA in a lipid bilayer environment using solid-state NMR (ssNMR) spectroscopy.
TB is a devastating human disease that kills ∼1.3 million people each year with 8.6 million new cases diagnosed annually worldwide (10) . Rising extreme drug-resistant Mtb strains do not succumb to the frontline antibiotics, generating a dire need for new drugs (11) . Pathways critical for bacterial survival such as DNA replication and cell division include numerous potential drug targets and represent a major focus for structural biology. Also, TB treatment is expensive and significantly toxic and requires an extensive period caused by Mtb's ability to exist in a latent state. Hence, there are additional motivations for characterizing the proteins associated with its survival in active and nonreplicative persistent states.
CrgA was first described from Streptomyces as being required for sporulation through coordinating several aspects of its reproductive growth (2, 3) . The Mtb CrgA consists of 93 residues, with two predicted TM helices (12) (TM1: residues 29-51; and TM2: residues 66-88; Fig. 1A ). The N-terminal 17 residues are
Significance
Understanding the structure and function of the cell division apparatus of Mycobacterium tuberculosis is crucial for advancing drug development against tuberculosis. Here, we report the solid-state NMR structure of a transmembrane protein, CrgA, that is a central component of the M. tuberculosis divisome. Small helical membrane protein structures are particularly sensitive to their environment, and consequently, we characterized CrgA in an environment that models well the biophysical properties of the native membrane. To determine the structure, both oriented sample and magic-angle spinning NMR data from liquid-crystalline lipid bilayer preparations were used along with refinement by restrained molecular dynamics simulations in the same lipid environment. The structure suggests how CrgA serves as a platform for binding and recruiting other proteins of the divisome. predicted to be disordered by the software PONDR (13) ; the C terminus is predicted to be just five residues, whereas the loop between the TM helices is predicted to be just 14 residues. The predicted TM1 sequence contains a pair of conserved tryptophan residues (W32 and W47) that appear from the sequence to be positioned for anchoring the helix to the membrane interfacial regions. A second pair of conserved tryptophan residues is at positions 73 and 92. Because the TM2 prediction has W73 eight residues into the helix and W92 four residues beyond the end of the predicted helix, this prediction may not be as accurate. Both predicted helices contain a number of other conserved residues, whereas the loop between the helices is much more variable both in length and in composition (SI Appendix, Fig. S1) .
Surprisingly, this small membrane protein binds a large number of other proteins, all of which are transmembrane proteins except for FtsZ. In particular, FtsI, with a single TM helix, is a transpeptidase responsible for synthesis of the septal PG (1). A crgA-deletion mutant results in the loss of septal and polar localization of FtsI, suggesting the importance of CrgA for PG synthesis through its recruitment of FtsI. CwsA also contains a single TM helix. A crgA and cwsA double-deletion mutant showed the importance of the corresponding gene products for cell wall synthesis and cell shape maintenance (8).
The CrgA TM helices contain a number of conserved glycine and alanine residues (SI Appendix, Fig. S1 ). Although glycine residues are known to be helix breakers in water-soluble proteins, in TM helices, they may allow local helix bending in the low dielectric membrane environment where intrahelical hydrogen bonds are strengthened for maintaining the overall integrity of the helical structure. In addition, glycine and alanine residues permit close approach of adjacent helical backbones, resulting in backbone-backbone electrostatic and side-chainside-chain van der Waals interactions that stabilize the tertiary structure. Therefore, glycines may allow helical membrane proteins to sacrifice secondary structural stability for tertiary structural stability (14) (15) (16) . This is needed because the amino acid composition in the interior of membrane proteins is more hydrophobic than the interior of water-soluble proteins where there are more frequent tertiary hydrogen bonds than in TM domains (17) . In addition, conserved glycine residues are rarely found on the fatty-acyl exposed surface of multihelix membrane proteins (16) . In such a location, they would expose their hydrophilic backbone atoms to the low dielectric environment of the protein. If present, it is a strong indication that they are exposed for a required function such as binding another protein. Interestingly, E. coli FtsQ is thought to localize to the divisome through interactions with other components via its single TM helix (18) . 15 N cross-polarization spectrum of 15 N uniformly labeled CrgA with the bilayer normal parallel to the magnetic field. The resonance intensities near 200 ppm are from the TM helix residues, with their backbone amide NH bonds nearly parallel to the bilayer normal. The intensity near 120 ppm is from the highly dynamic sites, and most of the remaining intensity is from structured residues not in the TM domain. (C) Two-dimensional PISEMA spectra of 15 N Ala-labeled CrgA with a superimposed PISA wheel calculated for an ideal helix [(φ, ψ) = (−60°, −45°)] with a 15°tilt angle relative to the bilayer normal. The set of four arrows in the middle of the PISA wheel define 90°rotational increments for the backbone nitrogen sites. Resonance assignments based on the PISA analysis are shown. (D) Superimposed PISEMA spectra of 15 Only a couple of full-length Mtb membrane protein structures have been determined. One is an X-ray structure of the mechanosensitive channel of large conductance, and the other is a single TM helix protein, Rv1761 (19, 20) . In addition, watersoluble domains of other Mtb membrane proteins have been characterized such as those from PknB and FtsX (21) (22) (23) (24) . Although X-ray crystallographers have focused on large membrane proteins, the majority of the 1,162 ORFs of the Mtb genome code for small helical membrane proteins containing one to three TM helices with <40-kDa molecular weight (25) . Structurefunction studies of these small membrane proteins are essential for understanding Mtb cell division and other cellular processes. Small polytopic membrane protein structures are stabilized not just by interactions between their TM helices, but also by interactions with their membrane environment. Consequently, it is necessary to solve their structures in an appropriate membrane mimetic environment, one that possesses many of the restraining influences of the native membrane such as a relatively fixed hydrophobic thickness, a dramatic lateral pressure profile, and a hydrophobic core essentially devoid of water (26, 27) .
For the structure determination of CrgA, here we used both oriented-sample (OS) and magic-angle spinning (MAS) ssNMR to characterize the full-length protein in lipid bilayers. All ssNMR spectroscopy was performed on fully hydrated liquidcrystalline lipid bilayer preparations of CrgA. The use of such bilayer preparations for supporting the native-like conformation of the M2 protein from Influenza A has been validated with the comparison of spectra from synthetic bilayers and from cellular membranes where the protein has been inserted by the cellular machinery and never removed from this environment or exposed to a detergent environment (28) . Multiple recent membrane protein structures have now been determined by OS ssNMR (29) (30) (31) (32) (33) (34) , and the first membrane protein structure has been obtained from MAS ssNMR (35) . OS ssNMR generates information on the orientations of peptide planes with respect to the bilayer normal, and for a TM helix it yields the tilt angle of the helix relative to the lipid bilayer normal and rotational orientation about the helical axis along the entire length of helix. However, it does not directly provide information on the helix-helix packing interface. The latter information can be ascertained by relatively few distance restraints between the helices, as the degrees of freedom for packing the helices have been minimized by the orientational restraints, to just the relative rotation around the bilayer normal and relative translation in the bilayer plane. The combination of OS and MAS ssNMR thus allows the complete determination of the helical TM domain structure.
Based on the OS and MAS data, we refined the structure using restrained molecular dynamics simulations in an all-atom representation of the same lipid bilayer environment as in the protein samples. The two TM helices both have a tilt angle of 13°b ut are tilted in nearly opposite directions such that they form a left-handed packing arrangement with a crossing angle of 24°at the conserved Gly39 residue. The two-helix TM domain exposes other conserved glycine and alanine residues that potentially form binding sites for TM helices of CrgA binders. Much of the N-terminal region is disordered, but a nine-residue motif therein appears to form an amphipathic helix. In the interhelical loop, a short segment appears to be disordered while a 12-residue motif appears to form a β-hairpin in the membrane interface. The C terminus comprises just two residues. Overall, the structure suggests how CrgA serves as a platform where other proteins of the divisome assemble.
Results
Sample Characterization. 15 N, 13 C uniform-labeled and amino acid-specific-labeled full-length CrgA was expressed with a C-terminal His 6 tag through an LE linker (Fig. 1A) . In 12% (wt/vol) SDS/PAGE gel, the purified protein appeared as a single band at 12 kDa (SI Appendix, Fig. S2A ). The purified protein was then reconstituted in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (4:1 mol/mol) liposomes for structural characterization. As an initial secondary structure characterization, the circular dichroism (CD) spectrum of the reconstituted proteoliposomes was obtained suggesting 49% helix, 12% β-sheet, 17% turn, and 22% random coil [CD Pro analysis (36) ; SI Appendix, Fig. S2B ].
OS ssNMR. The orientation of full-length CrgA in glass-slidesupported POPC/POPG lipid bilayers (with a gel-to-liquid crystalline phase transition temperature of −2°C) was first assessed using the one-dimensional (1D) 15 N ssNMR chemical shift spectrum of uniform 15 N-labeled protein at 13°C, pH 8.0 (Fig. 1B) . The spectrum is dominated by the amide backbone resonances. Approximately 10% of the intensity is at the isotropic frequency (110-130 ppm) indicating structural disorder for a significant portion of the amino acid sequence in addition to the His-tag, considering that cross-polarization of the isotropic intensity is often weak. Here, the B 0 field direction was parallel to the bilayer normal, and thus the considerable intensity near the parallel edge of the anisotropic chemical shift tensor (∼230-180 ppm) suggests that the TM helices account for most but maybe not all of the 49% α-helical content indicated by CD spectroscopy. The rest of the spectral intensity accounts for the loops and terminal regions.
Fig . 1C shows the 15 N Ala polarization inversion spin exchange at magic angle (PISEMA) (37) spectrum for three alanine residues (at positions 76, 78, 80) predicted to be in TM2. Similar to helical wheels, there are 3.6 resonances per turn in a polarity index slant angle (PISA) wheel for an α-helix (i.e., 100°s eparation between adjacent resonances) (38, 39) , as shown superimposed on the spectrum. The tilt of the helix controls the position and size of the PISA wheel. This wheel, for a 15°tilt of the helix axis relative to the bilayer normal, was chosen for best alignment with all of the spectral data (not just the alanine data) and provides an initial assessment of helix tilt. The assignments for these alanine residues were based on the fact that residues i and i + 2 should be on opposite sides of the wheel (∼200°apart) and residues i to i + 4 should be near each other (∼40°apart). The unique assignment of these residues also provided an initial assessment of the rotational orientation of the helix. The full 15 N Ala spectrum shows resolved resonances for all nine alanine residues in CrgA (SI Appendix, Fig. S3 ) including resonances from the disordered regions of the protein and the structured interfacial regions. Although a bacterial two-hybrid assay suggested that CrgA forms a dimer (1) , the single resonances observed here for all of the residues indicate a monomer (or symmetric dimer) in these preparations. Fig. 1D shows the superimposed PISEMA spectra of 15 N Val-and 15 N Leu-labeled CrgA obtained from separate samples. All three valine residues predicted to be in the TM helices are in TM1 (at positions 31, 34, and 50), but residue 50, due to its predicted position in the last turn of TM1 has a potentially deformed orientation for its peptide plane (40) , and consequently it was excluded from initial assignment. Residues 31 and 34, corresponding to i and i + 3 positions, should be on one side of the wheel (∼60°apart). The initial tilt assignment of TM1, again by alignment of the corresponding PISA wheel with all of the data, is ∼15°, similar to that of TM2. Via the assignment of the two valine resonances, an initial assessment of the rotational orientation for TM1 was also made. Based on the tilt and rotational characterizations for the two TM helices, the remaining resonance assignments were made.
The leucine residues in TM1 (at positions 36, 40, 42, 45, and 48) are distributed almost uniformly around the helical and PISA wheels, whereas those in TM2 (at positions 86, 87, and 88) are on one-half of its wheel. Fig. 1E shows five additional superimposed PISEMA spectra for 15 N Phe (residues 33, 37, 51, 79, and 81), Met (residues 41, 49, 82, and 90), Trp (residues 32, 47, and 73), Ile (residues 38, 43, 46, 77, and 83), and Thr (residues 84 and 89). The vast majority of the resonances for the TM helices ( Fig. 1E ) fall in close proximity to the 15°PISA wheels for both TM helices, with the exception of the resonances from residues in the first or last turns of the helices. All of the helical backbone sites in the TM helices were observed except for Gly44. The anisotropic chemical shifts and dipolar couplings for the TM helices are listed in Table 1 . In addition, the conformity of the data to PISA wheels permits the use of typical α-helical restraints associated with hydrogen bonding distances and membrane protein helical torsion angle (ϕ = −60°and ψ = −45°) restraints (41) .
Most of the resonances in the N-terminal region, the two-residue C terminus, and interhelical loop were observed, and many indicate significant structural disorder by displaying very little anisotropy in their oriented sample resonance frequencies. The orientational restraints for the TM helices (Table 1 ) when plotted as a function of residue number, known as dipolar and chemical shift waves (42, 43) , provide additional structural detail for the experimentally characterized helices consisting of residues 31-52 and residues 73-91 (SI Appendix, Fig. S4 ). There appear to be some local perturbations to the helices in addition to the first and last turns, such as the anisotropic chemical shifts observed at Met41 in TM1 and Tyr75 in TM2, where the data lie significantly off the waves. Perturbations primarily associated with the anisotropic chemical shifts may reflect differences in their chemical shift tensors. Perturbations in the first or last turn are likely to reflect the interaction of this helical turn with the membrane interface through amphipathic side chains, anchoring and stabilizing the TM domain in the lipid bilayer (44, 45) , and hence the helical backbone may be somewhat perturbed at these sites. However, it is clear that the tilt and rotational orientation of the helices remain constant throughout their lengths.
Most of the remaining PISEMA resonances could not be sequence-specifically assigned except for Ile56 and Trp66 to a structured portion of the interhelical loop and Phe12 to the disordered N-terminal region. The other resonances were amino acid-specifically assigned because of the isotopic labeling strategy. For methionine, there are two residues in addition to those in the TM helices. Met67 is in the interhelical loop, next to Trp66, and could be assigned to a Met resonance similar to that of Trp66. That left Met22 with a resonance indicating a structured portion in the N-terminal region. The rest of the observed resonances were tentatively assigned according to proximity in the spectra (sequentially neighboring residues were assigned to nearby resonances, i.e., those having similar dynamics or conformation; SI Appendix, Table S1 ).
MAS ssNMR. Although OS ssNMR characterizes the helical backbone structure and the orientations of the helices relative to the bilayer normal, distances between the helices are valuable for unique determination of the tertiary structure. We obtained the latter data using 13 C-13 C correlation [dipolar-assisted rotational resonance (DARR)] spectra. Before distances could be obtained, sequence-specific assignments were made for the isotropic 13 C resonances. This was complicated by the uniformity of the helical structures resulting from the hydrophobic amino acid content and the low dielectric environment that strengthens intrahelical hydrogen bonds (41, 46) . However, we were able to make unique assignments for segments of the helical backbone and some of the side chains from 3D MAS experiments [including NCACX, NCOCX, and CAN(CO)CX experiments (47, 48) ] of uniformly 15 N and 13 C-labeled CrgA samples (SI Appendix, Fig. S5 ). The resonance assignments for residues 38-43 and 48-50 of TM1 and 75-85 of TM2 are listed in SI Appendix, Table S2 , representing enough assignments to obtain a set of unique interhelical distances. Fig. 2 A and B shows the superposition of 2D DARR spectra (49, 50) with different mixing times from a 13 C, 15 N reverse-labeled sample in which all of the residues were labeled except for Thr, Ile, Phe, Ser, and Trp. These spectra resulted in interhelical cross peaks between Met49 and both Tyr75 and Ala78 as well as a cross peak between Leu42 and Ala80 (distances listed in SI Appendix, Table S3 ). In a second 13 C, 15 N reverse-labeled sample, all of the amino acid residues except for Ile, Leu, Phe, Tyr, and Ser were isotopically labeled, and another interhelical resonance between Gly39 and Thr84 was observed in the DARR spectra (Fig. 2C ).
CrgA Structure. Based on the OS and MAS ssNMR data described above, we calculated the structure of the CrgA TM domain (34) . First, a set of 960 initial conformations was generated by simulated annealing (51) , with the dipolar couplings and anisotropic chemical shifts of helical residues restrained to the values observed in the OS ssNMR experiments (Table 1 ) and the interhelical distances observed in the MAS ssNMR experiments restrained to a conservative upper bound of 8 Å (SI Appendix, Table S3 ). After filtering by TM1 and TM2 tilt angles and clustering, the average pairwise backbone root-mean-square deviation among 10 selected conformations is 0.38 Å (see SI Appendix, Table S4 , for other statistics of the structure calculation). A representative conformation was then further refined by restrained molecular dynamics simulations, again with the restraints from the ssNMR observables, but now with an all-atom representation of the same lipid bilayer environment used for collecting the ssNMR data. ssNMR parameters calculated on the final structure are in close agreement with the experimental values (SI Appendix, Fig. S6 ).
The refined structure has residues 31-49 forming TM1, two residues shorter on both termini of the helix compared with the prediction (Fig. 1A) . These terminal residues are likely to be part of the helix, but their peptide plane orientations appear to deviate substantially from those in the helix core (Table 1) , and consequently their PISEMA resonances fall outside of the PISA wheel, but still in close proximity. TM2 is formed by residues 73-91, considerably different from the predicted residues 66-88 (Fig. 1A) . Residues 66, 67, and 68 were labeled, but their resonances did not appear in the vicinity of the PISA wheel, and therefore these residues are unlikely to be part of TM2. Gly71 appears to be disordered, and the next residue is a proline, a known helix breaker, leaving Trp73 as the starting residues of TM2. It is thus important to experimentally characterize these helices and not depend solely on prediction tools. The side view of the refined structure of CrgA TM domain shows a pair of antiparallel α-helices with a tilt angle of 13°with respect to the bilayer normal for both TM1 and TM2 (Fig. 3A) . These tilt values are close to those obtained initially from the PISA wheel and wave analysis of the PISEMA spectra. The four interhelical distances from MAS ssNMR define the packing arrangement of the two helices (Fig. 3B) , in which the two TM helices tilt in nearly opposite directions, resulting in a lefthanded bundle with a crossing angle of 24°and a crossing midpoint near Gly39 and Leu42 of TM1 and Phe81 and Thr84 of TM2, positioned near the center of the membrane (Fig. 3) .
The interhelical interface can be well described as "knobs in holes" (52) . Close van der Waals interactions extend over the entire length of the helix pair, involving 11 residues from TM1 (at positions 31, 32, 35, 36, 38, 39, 42, 43, 45, 46 , and 49) and 9 residues from TM2 (at positions 74, 77, 78, 80, 81, 84, 87, 88, and 91), and contribute significantly to the tertiary structural stability (Fig. 4A ). Position 39 in the middle of the interface is conserved as a small residue, either glycine or alanine (SI Appendix, Fig.  S1 ). One of the primary reasons for the conservation of Gly/Ala in TM domains is for forming stable helical complexes (53, 54) . Two more conserved small residues, A78 and A80, also contribute to the interhelical interface. Interestingly, two highly conserved glycines, Gly44 and Gly85, are not part of the interface and can potentially form interaction sites for other TM proteins or as a CrgA dimer ( Fig. 5A ; Discussion).
Gly39 CαH potentially forms a hydrogen bond across the interface with the side-chain hydroxyl of Thr84 (Fig. 4B ), a type of interaction known to stabilize helix-helix packing (33, 55) . Besides Thr84, there are two more polar side chains (Ser35 and Thr89) within the helices that form intrahelical hydrogen bonds with neighboring backbone carbonyls. Ser30 is in a helix-capping position and its side chain hydrogen bonds with a backbone amide. In addition, the side chain of Asn74 reaches across the interhelical interface to hydrogen bond with the backbone carbonyl of Leu53. This variety of side-chain-backbone hydrogen bonding is typical of polar residues in TM helices (56) .
The structure is defined not only internally but also with respect to its environment (Fig. 5A ). These helices span nearly 30 Å of the POPC/POPG bilayer hydrophobic thickness. Two tryptophan residues at the helix termini (Trp47 on TM1 and Trp73 on TM2) have their indole N-H oriented toward the membrane interfacial regions and serve as anchors (44, 57) ; two other tryptophans (Trp32 and Trp92) form an interhelical stacking interaction. Neighboring polar and charged residues (Ser30 and Gln52 for TM1 and Tyr75 and Arg91 for TM2) form hydrogen bonds with lipid phosphate and carbonyl groups (Fig. 5 B-E) . All four tryptophans are absolutely conserved and somewhat less so for Tyr75. Clearly, these residues help to orient the protein in the membrane environment as has been noted for other proteins (45, 58) . Interestingly, three consecutive polar residues at the N terminus of TM2 appear to interact with the membrane interface, something that is only possible when the helical tilt angle is small.
The OS ssNMR data outside TM1 and TM2, although sparsely sequence-specifically assigned, contain rich information for structural characterization of the full-length protein. They confirm the disorder of the N-terminal 18 residues predicted by PONDR and further reveal a short disordered segment (Ala68 to Pro72) at Fig. 2 . Two-dimensional 13 C-13 C DARR-MAS spectra of 13 C, 15 N reverse-labeled CrgA. (A and B) DARR spectra of CrgA with all but Thr, Ile, Phe, Ser, and Trp labeled, using mixing times of 1,000 ms (red), 700 ms (green), and 300 ms (blue). Cross peaks corresponding to three interhelical distance restraints are indicated. (C) Superimposed DARR spectra of CrgA with unlabeled Ile, Leu, Phe, Tyr, and Ser at 100-ms mixing time (blue) and 13 C, 15 N uniform-labeled CrgA at 50-ms mixing time (red). The Gly39-Thr84 cross peak represents an interhelical distance restraint. All spectra were collected at 600 MHz proton frequency in liquid-crystalline POPC/POPG liposomes at 13°C and 12-kHz spinning rate. the C terminus of the interhelical loop. The sequences for both of these disordered segments are highly conserved among mycobacterial species (SI Appendix, Fig. S1 ). The structured portions in the N-terminal region (residues [19] [20] [21] [22] [23] [24] [25] [26] [27] and in the loop (residues 56-67) have remarkably uniform chemical shifts between 70 and 85 ppm and dipolar couplings between 4.3 and 5.5 kHz, with only a couple of outliers for each parameter. The immediate conclusion is these residues form α-helices or β-strands, with the peptide N-H bonds nearly parallel to the bilayer surface, such as an amphipathic helix or a β-sheet in the plane of the bilayer interface. Furthermore, the CD spectral analysis suggests that there are ∼10 residues of additional helix and ∼10 residues of β-strand, consistent with the preceding OS ssNMR data. Although both segments could form amphipathic helices, the segment in the loop has Pro61 in the middle, which potentially facilitates the formation of a γ-turn. Thereby, this segment can form a β-hairpin, with the terminal residues in close proximity, which is required by the close packing of the TM helices at the extracytoplasmic end (Fig. 3) . Although these results are strongly suggestive for the structure of the full-length protein, these segments were not included in the refinement.
Discussion
Recently, general and robust protocols have been published for OS and MAS ssNMR sample preparation (59) . Although the ssNMR structural approach demonstrated here for characterizing the structure of CrgA is relatively new, it has general applicability to a large segment of the proteome that has been largely inaccessible by other structural tools. This is because the crystallization of small helical membrane proteins is very difficult (60, 61) and the structures characterized in detergent micelles are often significantly distorted by the single hydrophilic surface of the micelle (27) . Consequently, it is important to characterize these relatively small membrane proteins in lipid bilayer environments. As demonstrated here, the combination of OS and MAS ssNMR provides an ideal approach.
CrgA has the responsibility of coordinating the assembly of multiple membrane proteins for cell division (1) . CrgA binds to FtsZ, the protein responsible for initiating the formation of the Z-ring when cells divide. Because FtsZ is a water-soluble protein, its interaction with CrgA, documented by bacterial two-hybrid assays, pull-down assays, and colocalization of fluorescent labeled proteins in vivo, must occur through the cytoplasmic N-terminal region of CrgA, which as shown here is largely disordered and consequently has certain advantages for binding other proteins (62) . Two penicillin-binding proteins, the transpeptidases FtsI (PBPB) and PBPA, are single-TM helix membrane proteins responsible for synthesis of the septal PG. Based on crgA deletion experiments, this gene product appears to be responsible for the recruitment of FtsI to the divisome. Bacterial two-hybrid assays have demonstrated that the interaction between CrgA and FtsI occurs through the latter's cytoplasmic domain (1) . Similar assays have shown that CrgA also binds PBPA, but this protein has a minimalistic cytoplasmic N terminus of five or six residues that is unlikely to be responsible for the binding and its TM helix has no obvious helix binding motif. Therefore, we anticipate that PBPA binds to the interhelical loop of CrgA, which appears to form a β-hairpin followed by a disordered segment. The structure of CrgA determined here serves as an important platform for assembling these partner proteins (Fig. 6A) .
Conserved residues are typically not observed on the lipidfacing surface of membrane proteins, where hydrophobic residues can replace each other without significantly affecting the tertiary stability of the protein in the lipid bilayer. Glycines on this surface, however, expose hydrophilic backbone atoms to the hydrophobic interstices of the bilayer, thereby reducing tertiary stability (16) . Hence conserved glycine residues on the lipidfacing surface may indicate a functionally important role, such as stabilizing protein-protein interactions. For CrgA, although the highly conserved Gly39 residue is used in the intraprotein helix packing, the strictly conserved Gly44 and Gly85 residues are exposed to lipid acyl chains (Fig. 5A) . Their positions strongly suggest that these are sites for the binding of additional proteins.
In addition to FtsZ, FtsI, and PBPA, CrgA interacts with FtsQ and CwsA, which are also associated with Mtb cell division and are TM helical proteins (1). FtsQ and CwsA both have helixbinding motifs in their single TM helices. The FtsQ TM helix has an AxxGxGxGxA sequence that translates into two helix-binding motifs on opposite sides of the FtsQ helix, an AxxGxxxG motif on one side and a GxxxA motif on the other side. Based on the CrgA TM domain structure, modeling suggests how the AxxGxxxG motif may take advantage of two exposed small residues in CrgA TM2, Ala78 and Gly85, in generating an extensive van der Waals binding interface between these two proteins (Fig.  6B ). So we propose that the binding of CrgA to FtsQ is through the TM domain. This leaves CrgA G44 still exposed to the lipid interstices, and it could be a site for dimerization or binding CwsA. This small protein has a single TM helix, WxxAGxAAAxxAGGAxAxSxxR, that is rich in small residues. This sequence has a plethora of surfaces for protein interactions to the extent that large hydrophobic residues that provide the majority of the van der Waals interactions for helix-helix binding are scarce. A cwsA and crgA double-deletion mutant showed that these proteins are required for cell wall PG synthesis and cell morphology (5) . Fig. 6A summarizes the potential binding sites on CrgA for its important function in the divisome. CwsA and FtsQ may bind through the TM helices of CrgA, such as illustrated by the model in Fig. 6B for the FtsQ-CrgA complex. FtsZ and FtsI may bind to the cytoplasmic N-terminal region and PBPA may bind to the extracytoplasmic loop of CrgA. Although it is not clear how many of these proteins bind at the same time, there is potential through these multiple binding sites for CrgA to play the central role in recruitment of the PG synthesis machinery during cell division.
Methods
Methods used in this study are briefly summarized below. Full descriptions are given in SI Appendix.
CrgA Protein Expression, Purification, and Reconstitution. The protocol for preparing the protein samples was similar to one described previously (1). For 13 harvested by centrifugation at 5000-6000 g for 10 minutes at room temperature and the cell pellet was resuspended in 20 ml of T80 buffer (40 mM Tris, pH 7.5 and 500 mM NaCl) and stored at -80 ºC. Tris, pH 7.5 and 500 mM NaCl buffer and stored at -80ºC for further protein purification. amino acids in natural abundance except those amino acids that were intended for labeling. Solid state NMR spectroscopy. OS ssNMR spectroscopy was performed on oriented lipidbilayer samples containing full-length CrgA with various labeling schemes ( 15 N uniform labeling, 15 N amino acid specific labeling, and 15 N reverse labeling). 1D cross polarization (CP) and 2D polarization inversion spin exchange at magic angle (PISEMA) (5) spectra were collected. All NMR experiments were performed in a Bruker Avance 600 MHz NMR spectrometer at 13 °C using a home-built low-E static NMR probe (6) . For all spectra 15 For magic angle spinning (MAS) ssNMR spectroscopy, 2D dipolar assisted rotational resonance (DARR) (8, 9) experiments and 3D NCACX, NCOCX (10) and CAN(CO)CX (11) experiments were performed on 13 C, 15 N uniform labeled and two reverse labeled ( 13 C, 15 N CrgA TIFSW , 13 C, 15 N CrgA ILFYS ) CrgA samples at 13 °C. All spectra were collected using a Bruker
M9 Media Preparation.
Avance 600 MHz NMR spectrometer with a 3.2 mm Low-E triple resonance MAS probe (6). 13 C spectra were referenced to the carbonyl carbon resonance of Glycine at 178.4 ppm with respect to tetramethylsilane. The sample spinning rate was controlled by a Bruker MAS unit at 12 kHz ± Structure Calculation. Using the ssNMR data ( Table 1 and Table S3 ), CrgA TM domain conformations were generated by XPLOR-NIH in torsion-angle space (13) . First, two ideal helices were constructed for the TM1 and TM2 sequences. Sixty starting models of the helical pairs were generated with randomized sidechain dihedral angles by MODELLER (14) . For each starting model, 16 conformations were generated by simulated annealing in XPLOR-NIH, resulting in a total of 960 conformations. In generating each conformation, the pair of helices was equilibrated at 3,500 K for 10 ps, and simulated annealing was performed from 3,500 K to 20 K with a decrement of 10 K. The simulation was run for 0.2 ps and the force constants of restraint terms mentioned below were gradually increased from their initial values to the final values (see Table S5 ). This procedure was followed by 500 steps of energy minimization. In order to maintain the α-helical conformation, the backbone dihedral angles for TM1 (residues 31-49) and TM2 (residues 73-87) core regions were restrained during the simulation to flatbottom harmonic potentials, with the minima of the right and left branches shifted ±15° from the ideal α-helix values (φ = -60°, ψ = -45°) (7). Also, 60% reduced force constants were applied to residues 88 to 92 when compared to the TM core regions, with ±30° shifts in the flat-well Table S1 ). Resonances for Phe12, Ile56 and Trp66 were unambiguously assigned and are highlighted in bold. Errors are estimated to be 0.2 ppm. 
